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ABSTRACT 
The purpose of the thesis is to analyse the issues related to the design of an over-speed 
protection system for a small wind turbine. In fact, as a very small energy production plant, 
simplicity and prices become two of the most important factors to consider, at the same level 
of safety and reliability. 
The analysis has been realized following a real design process, producing the protection 
system on a turbine with no protections and facing all the issues coming out in every step of 
the process. The studied turbine is a 600W horizontal axis wind turbine, but the results are 
applicable to turbines of higher power, up to around 1.5kW. 
After a first market research to establish whether the subject would be really a matter of 
interest or not, the first real step has been to define the required technical specification of the 
final product. Many solutions at the problem have been then proposed, analysed and 
compared with each other. The one that matched most the specification was selected as the 
best solution. The chosen system has been designed in a more detailed way, to proceed then 
with its real manufacturing. The final product has been effectively tested on the turbine to 
verify its behaviour, which was compared with the one initially expected. 
The system has been finally adapted and optimised to work in the studied context, which is a 
mechanical laboratory of a university.  
The energy production revenue that can be achieved using the proposed design has been 
estimated assuming a typical wind distribution of the considered area.  
The price of the new design has been estimated and then compared with the price of other 
possible systems to verify that the design would be cost-effective for the future marketing 
phase. 
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1. INTRODUCTION 
This project has been realized at University of the West of Scotland in Glasgow (UK) for a 
wind turbine manufacturing and engineering company called FuturEnergy.  
Nowadays the United Kingdom is one of the three biggest market in the world in terms of 
deployed small wind turbines. A strong agricultural community, high and steady wind 
speeds, the rising of electricity prices and the difficulty to import energy from abroad the 
island are all factors that contribute to make the United Kingdom an ideal country to take 
advantage of the benefits offered by small-scale wind developments, either off-grid or mini-
grid connected.  
On the other hand, too strong occasional winds may have destructive effects on the turbines. 
Turbines broken under too strong winds are not uncommon: if the wind is too strong, a 
turbine can spin so fast that it destroys itself with turbine blades ripped off and the alternator 
damaged by excessive heat. Therefore, over-speed protection is one of the major issues that 
every company has to face to let the small wind market turbine continuing to thrive.  
Even though a complete and deep research has already been done on large size wind turbines, 
this is not true for the smallest sizes. The main reason is that when dealing a small energy 
production plant, costs and simplicity really become two of the most important factors to 
consider. The systems used on bigger turbines are not cost-effective for the smaller ones. 
Therefore, a standard over-speed protection system does not exist and every manufacturing 
company has developed its own system. This is a really confused and diversified scenario, 
in which a good and well-researched design could make the difference. 
This project represents a complete design process to produce a reliable and safety over-speed 
protection system for a small wind turbine. As a complete design process, it has involved all 
the necessary phases to make the best final product, from the first market research to the real 
product marketing. 
The turbine size range analysed is the smallest, under around 1.5kW. Only horizontal 
turbines have been considered. 
The chosen system has been then optimised and adapted to the context where the turbine 
will be effectively placed, that is a mechanical laboratory of the University. Every issues 
(either mechanical, economical, electrical, etc.) have been analysed as deeply as possible. 
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2. DESIGN PROCESS STEPS 
As a complete design process, this project has involved many working steps, to make the 
best final product [1]:  
 
a) Market research 
b) Product design specification 
c) Conceptual design 
d) Conceptual selection 
e) Detail design 
f) Manufacture 
g) Testing 
h) Marketing 
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3. MARKET RESEARCH 
The establishment of market/user needs and demands is the starting point of any design. This 
phase is vital to answer many questions: 
• Does already exist a national and worldwide market for the product? 
• Which is this market trend? 
• How many competitors are there in the same sector? 
• Is there already a strong competitor design? 
• How could our design be successful on the market? 
 
The more thoroughly you answer the above questions, the more accurate the following 
product design specifications will result.  
There are many areas of research and analysis, irrespective of the product area: 
• Legislation 
• Patents 
• Reports 
• Manufacturers of competitive and analogous products 
• Official and private representative bodies 
• Statistical data 
• Market data publications 
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3.1 SMALL WIND TURBINES WORLDWIDE MARKET 
Nowadays a total number of more than one million units can be estimated to be installed 
worldwide.  
As shown in many official wind reports [12], China is the leader in terms of installed units: 
it now represents the 70% of the share, with 625’000 units installed by the end of 2013. UK 
is the third country in the world, after USA, with the 18% of the total installed units.  
 
Figure 1 Total installed units world sharing 
The recorded small wind capacity installed worldwide has reached more than 755 MW at 
the end of 2013. This represents a growth of more than 12% compared with 2012, when 
678MW were registered.  
In terms of installed capacity, China accounts for the 41% of the global capacity, USA for 
the 30% and UK for the 15%.  
 
Figure 2 Total Installed capacity world sharing 
RenewableUK, the UK’s leading renewable energy trade association, produces a UK’s small 
wind energy report every year. This results in a really useful instrument to analyse the market 
trend of this kind of energy [10] [11].  
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3.2 YEAR 2013 
After several years of continuous growth, 2013 was a challenging year for the small wind 
industry. 
The three biggest markets (China, USA, and UK) suffered a decrease in the number of units 
installed in a year (an increase of 8% that was more than 10% in 2012). The world small 
wind capacity had a growth rate of 12%, after the 18% of the previous year. 
Like most other renewable energy technologies, the success of the small wind market 
depends on stable and appropriate support schemes. Today feed-in tariffs, net metering, tax 
credits and capital subsidies are the major energy policies geared specifically towards small 
wind. This sector has especially benefited from the growing global trend of FITs. 
Unfortunately, only few countries have yet implemented specific FIT schemes for small 
wind.  
3.3 YEAR 2013, UK 
Talking about the UK, recent changes in the policy framework for small wind have 
negatively affected the industry. In November 2012, the government have merged all 
turbines under 100 kW to the same FIT. This change brought financial advantage for turbines 
in the range of 50-100kW and this has resulted in a decrease of the annual installed capacity 
of the smallest turbines (33%). In April 2014, the government also introduced an excessive 
FIT digression mechanism to which the industry is unable to respond. 
New policies need to be designed and implemented in order to boost the market for off-grid 
and mini-grid systems.  
3.4 YEAR 2014, UK 
In 2014, the 0-1.5kW bracket has managed to increase, even if quite slightly.  
An increase of the growth rate was expected from 2015, when individual countries and the 
international small wind community could be able to establish more rigorous and structured 
standards and policies to regulate the market and support investments. 
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3.5 UK: ABOUT THE FUTURE 
In November 2014, RenewableUK launched its Small and Medium Wind Strategy. This 
document highlighted the potential of the industry and offered a summary of 
recommendations to steer the direction of the Feed-in Tariff review, in order to create a 
system that is both effective and affordable. RenewableUK is calling for two key urgent 
changes: the reinstatement of the 15kW FIT bracket and an increase to the degression 
capacity thresholds.  
These two policy changes should help the small wind industry regain a foothold in the UK 
market. 
 
The Government has already started engaging with industry to consider the content of the 
review.  
World Wind Energy Association is planning to set up a global body, which will support this 
process and help the small wind sector to mature and grow. It is also expected that, due to 
an increasing interest in electrification of remote areas, small wind will see major new 
market prospects in off-grid applications.  
Based on a conservative assumption, the market could see a steady compound growth rate 
of 20% from 2016 to 2020. The industry is forecasted to reach approximately 300MW of 
newly installed capacity added annually and achieves a cumulative installed capacity of 
about 2GW by 2020. According to the recent Global Data report [2], small wind worldwide 
market is likely to reach 3 billion dollars within 2020, with an overall grow rate of 22% 
every year.  
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Figure 3 SWT installed capacity World market forecast 2009-2020 
 
3.6 GRID-CONNECTED AND STAND ALONE 
Despite a market trend that leans towards grid connected systems with larger capacity, off-
grid applications continue to play an important role.  
Off-grid applications include rural residential electrification, telecommunication stations, 
off-shore generation and hybrid systems with batteries and other sources like solar.  
Over 80% of the small wind manufacturers produce stand-alone applications. For example 
in China off-grid units comprised 97% of the market in 2009, and 2,4 million households 
still lack electricity. In the USA, off-grid small wind turbines account for most of the units 
deployed in distributed wind applications. In the future, a significant growth of off-grid 
applications is expected in particular in India, Africa and in many other countries with non-
electrified areas. A large proportion of off-grid installations are also due to applications such 
as yachts. 
All off-grid installations in 2013 and 2014 were in the sub- 20kW category. Any turbine 
larger than 20kW was always connected to the grid. It is interesting to note that the balance 
has consistently remained at 60% off-grid, 40% on-grid each year since 2012.  
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In the distant future, there is the potential of growth also in medium wind off-grid 
applications due to the increasing difficulty of mains grid connection. The development of 
storage mechanisms may provide a viable option for larger scale off-grid applications. 
 
Figure 4 Cumulative number of on-grid and off-grid turbines 
 
3.7 SMALL WIND TURBINES MANUFACTURERS 
By the end of 2011, over 330 small wind manufacturers have been identified in the world 
offering complete, one-piece commercialised generation systems, and an estimate of over 
300 additional firms supplying parts, technology, consulting and sales services.  
Five countries (Canada, China, Germany, the UK and the USA) account for over 50% of the 
small wind manufacturers.  
The early horizontal axis wind turbine technology has dominated the market for over 30 
years. Based on the study of 327 small wind manufacturers as of the end of 2011, 74% of 
the commercialised one-piece small wind manufacturers invested in the horizontal axis 
orientation, while only 18% have adopted the vertical design. 6% of the manufactures have 
attempted to develop both technologies. 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
18 
Keeping ahead of technology and cost innovations is essential to the success of a small wind 
company. A R&D project can be the way to increase the efficiency of the turbine at the same 
time as decreasing the cost, with the objective of reducing the levelized cost of electricity 
from the turbine to a point where it is competitive with the retail price of electricity.  
Globally, the average size of small wind turbines continues to grow: In 2010, the average 
installed size was 0,66 kW, in 2011 0,77 kW, in 2012 0,84 kW, and in 2013 it has already 
reached 0,85 kW.  
In 2014, small wind turbines were most commonly installed by households (35%), followed 
by businesses (26%), and farms (19%). The major part of the deployed turbines are 
freestanding, only less are building mounted. Nowadays many of the building mounted 
turbines have a vertical axis, because this kind of turbine can be better integrated in an urban 
context. 
 
 
Figure 5 Ownership trends of small wind turbines 
 
          
Table 1 Building mounted and freestanding turbines trend 
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3.8 UK EXPORT MARKET 
The UK is home to 15 wind turbine manufacturers, producing turbines from several hundred 
watts to 225kW in size. Small wind export sales are increasing, in order to account for the 
declining UK market. This is actually true for the 1.5–15kW bracket, not for the 0-1.5kW. 
This mainly because of the downturn in the global economy and luxury markets as sailing 
equipment. It is recognised that gaining a foothold in foreign markets can take considerable 
time, especially in the light of new certification requirements or technical adjustments. 
Therefore growth is anticipated in the future.  
 
 
Figure 6 Export revenue by sector scale 
 
The key export markets for UK manufacturers remain the EU and North America. Anyway, 
increases in Asia have been seen due to a new Japanese Feed-in Tariff. In 2014, 2,237 
turbines were installed in the UK and 2,614 turbines were exported overseas. The proportion 
of turbines being exported overseas is growing in comparison to the proportion being 
installed in the UK. This shift in the market could be dangerous if the balance reaches a 
tipping point, as it will simply not make sense for manufacturers to be located in a different 
country to their main market. Government needs to ensure that a healthy balance is 
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maintained in order to aid the long-term sustainability of the UK small and medium wind 
manufacturing industry.  
 
Figure 7 Export markets for UK manufactured turbines 
 
3.9 CONCLUSIONS 
With a strong agricultural community, high wind speeds and rising electricity prices, the UK 
is in an ideal position to take advantage of the benefits offered by small and medium-scale 
wind developments. 
The small and medium wind industry is pivotal to encouraging householders, small business 
and farmers to play their part in the distributed energy revolution. This does not only result 
in reduced energy bills, security of supply and business diversification for the turbine 
owners. It also provides significant employment, GVA and export market opportunities 
throughout the UK.  
Moreover, it is important to remember the carbon savings provided by the sector. The 
391GWh of electricity provided by the small and medium wind industry saved 168,130 
tonnes of carbon dioxide in 2014.  
The small wind sector is already a growing sector and a continuing growing trend is expected 
in the next years. Nowadays UK is the third country in the world in term of installed capacity 
and units. However, as like as all the other renewable energies, the growing speed (either of 
the export and the national markets) is strongly influenced from the Government energy 
policies. 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
21 
2013 was a challenging year, due to changes in the policy framework, which have negatively 
impacted the industry. New policies need to be designed and implemented in order to boost 
the market for off-grid and mini-grid systems. What happens in the FIT review will define 
the future of the small and medium wind market. Basic amendments during the Feed-in 
Tariff review and simple wider support mechanisms would help to ensure that increased 
economic benefits are secured and that achievements within the sector do not ebb away. It 
will be on the Government’s watch to put the industry back onto the right path. 
If UK’s strong and steady winds are ideal to benefit of the wind power, on the other hand 
too strong occasional winds may have destructive effects on the wind turbines. Over-speed 
protection is one of the major issues that every company has to face.  
Over-speed protection systems have already been completely studied for large-size turbines. 
Unfortunately, these kind of means are not well applicable to small-size turbines because 
they are not cost-effective for them. Every company has developed its own over-speed 
protection system, there is not a standard model accepted by everyone. Moreover, many 
companies firstly chose a system and then decided to turn to another better system. 
Therefore, actually this is a really confused and diversified scenario, in which a good and 
well-researched design could do the difference. 
Just for example, images of December in Scotland are shown in Figure 8: 
 
 
Figure 8 Turbines broken under too strong winds 
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4. DESIGN SPECIFICATION 
By designing the product, we should be attempting to meet the specification. Product design 
specification has to be comprehensive and unambiguous. It must be considered as an 
evolutionary document that, upon completion of the design activity, has itself evolved to 
match the characteristics of the final product.  
The PDS defines the elements, factors and boundaries of the artefact to be designed, not the 
specification of the artefact as designed (the end product itself). It is the control document 
for the whole design activity. The PDS should try to avoid leading the design and predicting 
the outcome, but nevertheless it should also contain the realistic constraints to be imposed 
on the design by either the company or the market. 
The main constituent elements of a PDS are applicable to every kind of product.  
 
Figure 9 Project design specification parameters 
The principal features of a small wind turbine over-speed control are: 
• Total reliability in every conditions 
• Economical affordability, either for manufacturing and maintenance 
• Ability of not interfering with the turbine’s energy production until the rated spin 
speed is reached 
• Automatic system: it has to work without human control 
• Bearable side effects (e.g. noise, heat production, etc.) 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
23 
The studied turbine is a 600W upwind wind turbine. It has no over-speed controls in its 
current configuration, so the operator has to remove it manually from the wind, when the 
wind is too strong. This is obviously a very dangerous condition, for both the turbine and the 
operator, and a great limitation for the market strength of this product.  
An automatic speed control allows leaving the turbine in the wind every day, without any 
risk. The spin speed would be reduced automatically under strongest winds. Parallel 
functional problems to the other parts of the turbine (like excessive heat production, 
excessive stresses, etcetera) have to be avoided. 
The over-speed system has to stay disabled until the dangerous wind speed is reached. This 
allows the turbine to produce the rated energy at the rated wind speed and to start slowing 
down the rotor just at a higher speed.  
The considered parameters are reported in the following table: 
Table 2 Product design specification 
Parameters  
Performance: 
 
Protection of 
small wind 
turbines from too 
high spin speed 
due too strong 
winds. 
Current Model This Design Target 
Two manual switches 
must be activated in 
sequence: the first 
allows slowing down 
the turbine (dissipating 
energy on a resistor 
bank), the second to 
completely stop the 
turbine (short circuiting 
the generator). Once the 
turbine it stopped, the 
operator has to remove 
it manually from the 
wind. 
Allow the turbine to 
reduce automatically 
its spin speed under 
strongest winds. This 
must not create 
parallel functional 
problems to the other 
components of the 
turbine. 
The design should 
let the turbine 
producing the rated 
energy at the rated 
wind speed, 
reducing its speed 
just to a higher wind 
speed. The response 
time should be very 
short. 
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Safety: 
 
Total reliability in 
every conditions. 
Current Model This Design Target 
Safety not guaranteed. 
Manual over-speed 
protection cannot be 
considered as a safety 
protection. 
 
Automatic protection 
system always ready 
to prevent damages 
under too strong 
winds. 
Fail-safe system: a 
failure of the 
protection system 
shall not allow the 
turbine to either 
exceed the rated 
rotational speed or 
go into an unsafe 
state of operation.  
Maintenance: 
 
Unscheduled 
maintenance has 
to be limited as 
much as possible.  
Company Warranty: Maintenance 
Programme 
Unscheduled 
Maintenance 
Standard one or two 
years limited product 
warranty to the original 
purchaser against 
defects in parts or 
workmanship. The 
warranty covers 
replacement of faulty 
parts.  
The producer 
company suggests 
routine inspections 
after the first month 
and then every six 
months. 
The new design 
should not increase 
too much the 
probability of 
needed unscheduled 
maintenance. 
Deterioration of the 
new components has 
to be limited. Broken 
components should 
be easy to repair. 
Costs: 
For a small wind 
turbine, which is 
probably going to 
be bought from 
small companies 
and private 
Current Model This Design Target 
The structural 
simplicity of the model 
makes the turbine quite 
accessible to everyone. 
Adding an over-
speed protection 
system may increase 
the purchasing price, 
either because of 
The increasing of the 
turbine cost has to be 
the minimum 
possible. Buying a 
turbine must be still 
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entities, a low 
purchasing price 
is crucial. 
research and 
production.  
an advantage for the 
buyer. 
Input power: 
 
The amount of 
energy needed to 
achieve the 
braking effect. 
Current Model This Design Target 
All the produced 
electricity is 
accumulated in the 
charging battery or sent 
to the grid. 
Electric energy could 
be necessary in case 
of active systems. 
Passive systems just 
waste kinetic energy 
into heat. 
The required input 
energy has to be 
very low. The 
charging batteries 
should be the only 
energy source of the 
system, in order to 
keep an off-grid 
configuration. 
Noise: 
Noise must be 
kept within the 
established limits 
Current Design This Design Target 
35dB at 5m/s behind 
rotor, 54dB at 7m/s 
behind rotor. 
Noise could be 
increased due to the 
braking action, under 
higher wind speeds. 
Noise does not have 
to exceed the 
threshold of 
discomfort. 
Size, appearance: 
 
These factors are 
important both 
for functional and 
aesthetic 
performance. 
Current Model This Design Target 
The design is optimized 
for the functional 
performance, both 
aerodynamic and 
structural. The 
simplicity of the model 
makes the visual impact 
pleasant. 
New parts has to be 
added to the turbine. 
These could interfere 
with the working 
performance and 
result unpleasant for 
the visual impact. 
The system has to be 
well integrated in the 
turbine, for example 
into the rotor 
nacelle, to protect 
the functional and 
aesthetic 
performance. 
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Product life span: 
 
Current Design This Design Target 
The overall life span for 
a small wind turbine is 
around 20 years. 
 
The design has to be 
strong enough to last 
for this entire period. 
The design should 
remain competitive 
on the market over 
this entire period.  
Testing: 
Products require a 
factory test to 
verify their 
quality and their 
compliance with 
the PDS. 
Current Design This Design Target 
Tests are made to verify 
the basic technical 
specifications.  
New tests should be 
added to verify the 
behaviour of the new 
system under strong 
and gusty winds.  
Tests results should 
meet the 
performance 
requirements, 
established in this 
PDS. 
Competition: 
 
Already existing 
over-speed 
protection 
systems. 
 
In the past Now This Design 
Initially furling was the 
most popular system. 
Then, because of many 
related problems, every 
company started to 
research and develop 
other protection 
systems. 
There are not so 
many public detailed 
information about 
companies’ 
researches. However 
a standard solution, 
accepted by 
everyone, does not 
exist yet. 
This design should 
represent the result 
of a complete 
research on as many 
as possible solutions 
to the problem. 
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4.1 SOME OBSERVATIONS ON THE PDS 
Safety and tests condition requirements are defined by the regulations EN 61400-2:2006 [3] 
and EN 61400-1: 2005 
SAFETY: 
“The protection system shall be designed to be fail-safe. It shall be able to protect the SWT 
from any single failure or fault in a power source, or in any non-safe-life component within 
the control and protection system. Testing and/or analysis shall verify the fail-safe behaviour 
of the system. A failure of the control, power, or protection system shall not allow the turbine 
to either exceed the rated rotational speed or go into an unsafe state of operation.”  
In the current design, safety is not guaranteed. Manual over-speed protection cannot be 
considered as a fail-safe protection system. 
“The protection system shall be capable of satisfactory operation when the turbine is under 
manual or automatic control. Measures shall be taken to prevent the accidental or 
unauthorized adjustment of the protection system. 
For turbines with a swept area less than 40 m2, the manual stop button/switch is not required, 
but shutdown procedures shall be specified. For these turbines, a manual stop button/switch 
is recommended.” 
“The braking system shall be able to bring the rotor to idling mode or complete stop from 
any operation condition. Brakes shall be designed to function even if their external power 
supply fails. A brake shall be able to keep the rotor in the full stop position for the defined 
wind conditions for at least one hour after the brake is applied.” 
TESTS: 
“The tests shall be documented in a report containing a full description of the test methods 
used, the test conditions, the specifications of the tested machine and the test results. The 
description of the test method shall include a detailed description of the measuring 
procedures, instrumentation, data acquisition, and data analysis. Deviations from the 
methods shall be documented.” 
Test guidelines can be found on ISO/IEC 17025 [4]. 
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MAINTENANCE: 
The new design should not increase the probability of needed unscheduled maintenance, in 
order to avoid increasing too much the final total price of the turbine. Therefore, deterioration 
of the new components (due both to thermal and mechanical stresses) has to be limited.  
The company provides a standard one or two years limited product warranty to the original 
purchaser against defects in parts or workmanship. The warranty covers replacement of 
faulty parts. After these 2 years, the cost of maintenance is completely charged on the owner 
of the turbine. 
Turbine life will be reduced if situated in coastal areas or on sites that exhibit high 
turbulence. The turbine should always remain under load. A free spinning turbine will burn 
out its generator very quickly. 
The access of the parts likely to require maintenance is quite easy for a small wind turbine. 
In addition, the new designed system has to be easily accessible. 
The producer company suggests many inspection on the turbine. They recommend this be 
carried out one month after installation of the turbine. This inspection is to verify that the 
turbine is functioning correctly and not making any abnormal noises or vibrations.  
After that, they recommend this be carried out every six months. The inspection consists of:  
• The turbine needs to be checked over for any loose bolts or fixings.  
• The turbine blades need to be checked for any damage (normally leading edge – can cause 
unbalanced blades and lead to premature bearing failure).  
• Any wear in slew and generator bearings, evident by excessive play.  
• The turbines electrical connections need to be checked over for tightness, any corrosion, 
and that cable installation is intact. Poor connections will cause resistance and heat. While 
the turbine has been stopped for its inspection it would be prudent to inspect the tower 
including all bolts/fasteners, ground anchors/foundations and guy wires (if applicable) 
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5. CONCEPTUAL DESIGN 
This phase is concerned with the generation of solutions to meet the stated need. 
Many solutions have been taken in consideration: 
• Furling system 
• Mechanic/hydraulic disc brake 
• Drum brake 
• Electromagnetic brake 
• Centrifugal drum brake 
• Eddy current disc brake 
• Rheostatic brake 
 
5.1 FURLING 
Furling is turning the wind turbine out of the wind, decreasing 
frontal area of the rotor intercepting the wind.  
There are many kinds of furling systems, but the most 
efficient, reliable and cost-effective is the horizontal passive 
tail-pivot system. 
This is the most popular over-speed protection system used in 
the past years from the wind power companies all around the 
world. Unfortunately, there are many drawbacks using this 
system. This is the reason why nowadays companies are 
looking for other methods. 
 
Figure 10 Furling system 
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5.1.1 TAIL PIVOT SYSTEM 
The tail pivot is just a simple hinge that is angled back and to one side. It is possible to adjust 
the angle to get the correct point at which the tail starts to furl, using a good combination 
between the weight of the tail vane and aerodynamic forces, considering also the effect of 
the dumpers. There is a tail stop to stop the tail once it is pointing straight out the back of 
the windmill, at 90° to the rotor face. Another stop is designed to limit the furling to a 70° 
angle, to prevent blades from hitting the tower or also the tail boom. The wind turbine rotor 
is offsetted to one side from the mast axis to allow self-furl in high winds.  
Since the pivot is angled from the vertical, the weight of the tail wants to keep the tail down. 
In operation, the rotor thrust wants to turn the turbine around the mast axis. However, the 
tail wants to stay down wind, so it keeps the turbine facing the wind. As the wind picks up, 
the rotor thrust increases until it is high enough to lift the tail [8]: 
• Light winds, no furling: 
 
 
The tail weight is greater than the rotor thrust. Tail rests against tail stop   
and points directly out the back. 
 
Figure 11 Furling system (no wind) 
• Medium winds, starting to furl 
 
The rotor thrust is greater than the weight of the tail, so the tail is lifted. 
This turns the turbine out of the wind until the rotor thrust is again equal 
to the tail weight and the furl system has found a new point of balance.  
 
Figure 12 Furling system (medium winds) 
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• Strong winds, almost fully furled 
 
The wind force is so great that the tail is almost at the same angle as 
the turbine.  
 
 
Figure 13 Furling system (high winds) 
5.2 DISC BRAKE 
A disc brake is a type of brake that uses calipers to squeeze pairs 
of pads against a disc in order to create friction that retards the 
rotation of a shaft either to reduce its rotational speed or to hold it 
stationary. The energy of motion is converted into waste heat, 
which must be dispersed. The braking force is always proportional 
to the pressure placed on the brake pad. It can be generated either 
mechanically, hydraulically, pneumatically or electrically.     
Figure 14 Disc brake 
The brake system running out can be controlled with thickness sensors.  
Disc brakes are applied mostly on bigger wind turbines like emergency brakes: in case of a 
malfunctioning of the first brake systems (like for example a blade pitch control) an electric 
actuator enables hydraulic disc brakes to stop the turbine and hold it to the standstill. 
 
Figure 15 Disc brake application on a wind turbine 
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5.3 DRUM BRAKE 
Brake fluid is forced under pressure to push a set of shoes or pads against a rotating drum-
shaped part. This friction reduces the rotation of the drum, which is coupled to the shaft. 
Hence, the spin speed of the shaft is reduced. When the pressure is released, return springs 
pull the shoes back to their rest position. 
As the brake linings wear, the shoes must travel a greater distance to reach the drum. When 
the distance reaches a certain point, a self-adjusting mechanism automatically reacts by 
adjusting the rest position of the shoes so that they are closer to the drum, always keeping 
the shoes close to the drum. 
Today drum brakes are applied mostly when the best braking 
accuracy is not required. They are being replaced by disc brakes 
in the most of the applications, as for example in the vehicles 
sector. They are still utilized in some not too technological 
industrial machines. Talking about the turbines’ sector, 
nowadays there are applications just in the water-pumping 
sector, where the spin speeds involved are quite low.  
Figure 16 Drum brake 
5.4 ELECROMAGNETIC BRAKE 
The stator body 1 contains the field coil 2, which is a copper coil cast in 
synthetic resin. When current is applied a magnetic field is created, which 
attracts the armature disc 4 towards the friction lining 3 transmitting a 
braking torque to the output hub 6. When the current is cut off, the return 
spring 5 pulls the armature disc back to its original position. 
There are several applications for this type of brake, from the transport 
sector (like trains and trams) to the industrial sector (like electric motors or 
robot applications). Talking about wind turbines, they are utilized mainly 
on the biggest turbines like emergency brakes in case of a failure of the 
main speed control system (pitch control) or to hold the turbine to the 
standstill. 
Figure 17 Electromagnetic brake 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
33 
5.5 CENTRIFUGAL DRUM BRAKE 
The brake starts to brake the shaft at a defined 
speed. Centrifugal force causes the flyweights 
to lift from the hub so that their linings contact 
the inside of the brake drum. This action 
creates a braking torque. As soon as the 
rotational speed of the system falls, the tension 
springs return the flyweights to their initial positions.  
Figure 18 Centrifugal brake 
It is a fundamental principle of centrifugal brakes that they cannot brake a system to a 
standstill.  
Centrifugal brakes convert mechanical energy into heat, which is generated between the 
lining and the brake drum. 
This kind of brake is utilized mainly as an emergency brake in case of a failure of the main 
speed control system. A typical application is on lifts. However, usually when the brake is 
activated the mechanism is locked and it has to be unlocked again manually to let the shaft 
start to spin again. There are just a few application of centrifugal brakes holding a steady 
speed without locking the shaft and even less applications on wind turbines. 
 
5.6 EDDY CURRENT DISC BRAKE 
A conductive non-ferromagnetic metal disc is attached to the 
shaft, with an electromagnet located with its poles on each 
side of the disc, so the magnetic field passes through the disc. 
The electromagnet allows the braking force to be varied.  
Figure 19 Eddy current brake 
The larger the current in the winding, the stronger the braking force. There is no braking 
force when no current is passed through the winding. The kinetic energy of the shaft is 
dissipated in heating by the eddy currents, so like conventional friction disc brakes, the disc 
becomes hot.  
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Braking force diminishes as speed diminishes with no ability to hold the load in position at 
standstill.  
The applications are mostly in the industrial sector to brake the spinning of shafts. There are 
not known applications in the wind turbines’ sector. 
 
5.7 RHEOSTATIC BRAKE 
The electrical energy produced by the generator is 
dissipated as heat by a bank of resistors. Cooling fans can 
be necessary to protect the resistors from damage. Modern 
systems have thermal monitoring: when the temperature of 
the bank becomes excessive, this is switched off and the 
system employs friction braking.  
Figure 20 Rheostatic brake 
To stop completely the turbine is necessary to switch from the resistor bank to a simple short 
circuit when a low spin speed has been reached. 
This brake can be found in many small wind applications. The problem is that a rigorous 
heat control is needed. Otherwise, the system is really likely to be burnt out, with obviously 
very dangerous effects on the whole turbine. It is also utilised in the locomotive sector, 
combined with a regenerative electrical brake. 
 
5.8 OTHER POSSIBILITIES 
Other two systems could be thought: blade pitch and generator brake. Unfortunately, both 
of them are almost impossible to be utilized on very small wind turbines. 
Blade pitch is turning the angle of attack of blades out of the wind if wind speed reaches the 
cut-off value. Can be either active or passive.  
Active pitch is more accurate than the passive one but requires a complex control system to 
turn blades, with a consequent big manufacturing labour on the turbine’s rotor. Therefore, 
this system is not cost-effective for very small wind turbines and can be utilised only on the 
larger sizes.  
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Passive pitch uses aerodynamics forces only to turn blades or to create turbulences, which 
slow down the spinning of the turbine. Unfortunately, the blades of a very small wind turbine 
are not large enough to achieve an efficient passive pitch control, which results in a unsafe 
solution. 
The idea of using the generator itself as an electromagnetic brake is not a viable solution as 
well. The reason is that the turbine must be slowed down when the generator is at its full 
capacity. Therefore using the generator as a brake at higher wind speed values means putting 
the generator under a very big stress, with the very high probability of burning up itself. 
 
5.9 BRAKING METHODS 
Two ways can be followed to achieve a good over-speed protection: 
• Shutdown: when the engagement spin speed is reached, the brake has to slow down 
the turbine to a final standstill position. Then the turbine has to be kept blocked for a 
certain time. After this time interval, if the wind speed is decreased enough the brake 
can be released again. Otherwise, the brake is kept close for another time interval. If 
the system uses friction, the wear of the pads is very limited. An anemometer or an 
output current measurer is necessary to establish continuously the wind speed. 
• Continuous control: when the engagement speed is reached, the braking system has 
to continuously control the spin of the rotor to keep the spin speed always under a 
maximum speed, without taking the turbine to the standstill. The most relevant 
advantage is that the turbine is never stopped and it can produce energy also with the 
highest winds. The problem is that it is difficult to hold a datum speed using an active 
system. The braking pressure should be continuously adjusted following the 
variation of wind speed, so a feedback control system could be necessary. Passive 
braking systems, adjusting automatically the braking force intensity with the 
variation of the spin speed, can make the control simpler. Another problem is that 
this method leads to a faster wearing of the braking components, if a friction solution 
is chosen, and to a higher heat production than the previous method. In addition, if a 
passive system is chosen, it is difficult to set the engagement speed value just over 
the rated wind speed; usually the braking effect must start at a slightly lower value, 
because of the not so fast response time of these kind of systems. 
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Summarizing: 
• Electric/hydraulic disc brake, drum brake and electromagnetic brake: 
These solutions could be used with both methods, but they are much more suitable for the 
shutdown method. This is because a continuous control could be not easy to achieve and it 
is linked with strong heat production and wearing of the braking parts.  
• Furling system, eddy current disc brake and centrifugal drum brake: 
These solutions are usable only with the continuous control method, because each of them 
can work only over a certain spin speed. 
• Rheostatic brake: 
This is a particular solution. The heat generation is so high that the braking effect can be 
applied for not more than a couple of minutes each time. Moreover, after every brake, the 
resistor bank has to be cooled for a while. Anyway, this method allows to bring the turbine 
at a standstill position. 
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6. CONCEPT SELECTION 
The disc brake concept has been chosen like a datum and all the other solutions have been 
compared with it. 
As can be seen in the table, evaluation criteria have been chosen following the specification. 
Table 3 Concept selection 
          Concepts 
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Reliability  - - - - S - 
Response time  - S - - S - 
Efficiency at rated 
wind speed 
D S S S - S - 
Energy production 
with highest winds 
A S S S - - + 
Manufacturing / 
purchasing costs 
T + S - + - - 
Frequency of 
maintenance 
U + + + + + - 
Maintenance costs M - - - + - - 
Efficiency against 
water 
 - - + + + - 
Heat production  - S - + + - 
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Input power needed  +  + + - + 
Complexity: 
number of parts 
 - - + + + - 
Usable also like a 
standard brake, at 
any speed 
D S S S - - - 
Size  A - - / - S - 
Weight  T + S / + + + 
Noise U S S + - + S 
Ease of 
maintenance 
M - - + + - - 
Aesthetic  S S + - S S 
Score 
+ / 4 1 7 7 6 3 
S / 5 9 3 0 5 2 
- / 8 6 5 8 6 12 
 
 
 
 
 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
39 
6.1 DISC BRAKE VS DRUM BRAKE 
Advantages of drum brakes: 
• Less manufacturing costs. 
• Slightly lower frequency of maintenance due to better corrosion resistance compared 
to discs. 
• Less input force required. 
• Wheel cylinders are somewhat simpler to recondition compared to calipers. 
• Minor weight savings, primarily from much smaller and lighter hydraulic cylinders 
compared to calipers. 
Disadvantages of drum brakes: 
• Brake drums must be larger to cope with the massive forces involved and to be able 
to absorb and dissipate a lot of heat. Excessive heating can occur due to heavy or 
repeated braking, which can cause the drum to distort, leading to vibration under 
braking.  
• The other consequence of overheating is brake fade. This is due to many factors, like 
thermal expansion of the drum, changing of the properties of the friction material or 
the evaporation of the brake fluid, which reduces the hydraulic pressure. Water 
between the friction surfaces and the drum can act as a lubricant and reduce braking 
efficiency. Disc brakes deal with heat and water more effectively than drums, 
because the shoes are inside the drum and not exposed to cooling ambient air.  
• Drum brakes can be grabby if the drum surface gets light rust or if the brake is cold 
and damp, giving the pad material greater friction. Grab is the opposite of fade.  
• Drum brakes are more complex. As a result, maintenance of drum brakes is generally 
more time-consuming. In addition, the larger number of parts results in a larger 
number of failure modes.  
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• Brake pressure do not start immediately when the wheel cylinders are pressurized, 
because the force of the return springs must be overcome before the shoes start to 
move towards the drum.  
With greater reliability, response time, construction simplicity and lower size, a disc brake 
is sure to be preferred compared with a drum brake. The advantages of a drum brake are not 
important enough to justify the choice of this system. 
 
6.2 DISC BRAKE VS ELECTROMAGNETIC BRAKE 
As can be seen in the table, the only relevant advantage is a slightly lower frequency of 
maintenance due to better corrosion resistance compared to discs. 
Actually, there are not so many advantages using this method. In addition, using an 
electromagnetic brake exactly close to the small magnetic generator could lead to criticisms 
around the possibility of bad magnetic interferences between the two components. 
 
6.3 DISC BRAKE VS FURLING 
Advantages of the furling solution: 
• This system is less expensive: both manufacturing and maintenance costs are lower. 
• It is a passive system, based only on mechanical principle. Therefore, it does not need 
input power and it is completely automatic. 
• There are just a few parts involved. Moreover, there is no heat production, typical of 
the friction systems.  
Disadvantages of the furling solution: 
• The main problem is that often the rotor furl abruptly at a wind speed only slightly 
above the rated wind speed, resulting in a very "peaky" power curve and poor energy 
capture at highest wind speeds. Using this system with gusty and turbulent winds 
would mean using the turbine in a very inefficient way, with the rotor abruptly furls 
and unfurls at the rated wind instead producing the rated power. 
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• The damping plus the gyroscopic effect of turning wind turbine blades add an 
unproductive time of entering and leaving the furling condition, creating a hysteresis 
during transition, in which the wind speed must drop considerably below the rated 
wind speed before the rotor will unfurl and resume efficient operation. 
• Repetitively furling motions also lead to higher fatigue stress on the involved 
components. 
Because of all of these reasons, furling results in a fail prone system. The turbine becomes 
very instable and inefficient, with a lot of wasted energy at the rated wind speed. Moreover, 
a furling system is noisier than a disc brake. 
These are the reasons because of FuturEnergy Company decided to leave the furling idea, 
after years where this system has been used. 
 
6.4 DISC BRAKE VS CENTRIFUGAL BRAKE 
Advantages of a centrifugal brake: 
• This is a passive system, operating without an external power supply. 
• It allows keeping producing energy also under very strong winds.  
• The total weight is lower. 
• The system does not need cables to work, it is easier to mount on the turbine. 
Disadvantages of a centrifugal brake: 
• This system cannot shut down the turbine. It is only possible to hold the rotor to a 
given spin speed.  
• The brake is always kept activated under strong winds. Therefore, braking linings 
are more stressed and the wearing is higher, leading to more frequent and expensive 
maintenance. 
• As said about drum brakes, this solution is characterized by a higher complexity and 
a larger size and it deals worse with overheating and water, with the consequent 
probability of a brake fade.  
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• The brake start to slow down the turbine at a speed lower than the rated speed, to be 
sure to have a good braking effect at the rated speed. 
• Because of the higher complexity, the price of this system is obviously higher 
This could have been a good system, with many really interesting advantages. Unfortunately, 
the disadvantages are also a lot and the result is that it is difficult to effectively apply this 
system on a small turbine.  
 
6.5 DISC BRAKE VS EDDY CURRENT DISC BRAKE 
Advantages of an eddy current brake: 
• It is a frictionless system and there are not moving parts, therefore it is wear-free, it 
requires very little maintenance and it is quite. 
• The absence of calipers results in a lower weight. 
• It is more efficient against water, like in rainy days, and overheating. 
Disadvantage of an eddy current brake: 
• Braking force decreases as speed decreases with no ability to hold the load in position 
at standstill.  
• As each active systems, input energy is required to generate the braking force. 
Therefore using a continuous control means that input power is needed for all the 
duration of the strong wind. 
• Higher purchasing price. 
This method has also many important advantages but it is too much complex and elaborate 
to be applied on a very simple small wind turbine. Moreover, even if it is an active system it 
is not able to stop the turbine. Therefore, it requires an auxiliary turbine stop and this 
contributes to make the system even more expensive. 
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6.6 DISC BRAKE VS RHEOSTATIC BRAKE 
Advantages of a rheostatic brake: 
• It does not require input power, apart from the power needed to switch on and off the 
resistor bank.  
• The resistor bank can be taken indoor; therefore, water and other atmospheric agents 
are not a problem. 
• There is no maintenance needed, so there are no maintenance costs. 
• It does not require modifications of the turbine and does not increase its weight. 
• It is a quiet solution. 
Disadvantages of a rheostatic brake: 
• The main problem of this solution is heat production, which is so high that the brake 
force cannot be exercised for more than a couple of minutes; otherwise, the resistor 
bank is very likely to burn out. 
• A continuous temperature control must be used to prevent damage. After every 
brake, the resistor bank has to be cooled for a while. Therefore, this is a not really 
safety solution. 
Therefore, it is impossible to use this system alone as an over-speed protection system, as it 
cannot be applied where repetitive brake actions may occur. A rheostatic brake can be used 
just as an emergency brake, when a suddenly shout-down of the turbine is needed, with a 
manual actuation.  
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6.7 METHOD/SOLUTION SELECTION 
Although a continuous control would be an interesting method to allow the turbine always 
spin, it is not simple to achieve.  
The main purpose of this method is to produce energy also with the highest wind speeds. 
Therefore using an eddy current system could be a nonsense because it requires power input 
for all the duration of the braking.  
Passive solutions like furling and centrifugal brake could be better, but important issues 
affect both two systems. Furling reduces the efficiency of the turbine at the rated speed, 
while centrifugal brakes are characterized by high stresses of its components. Moreover, 
both methods are not really reliable. 
Active friction systems are not be the best using this method, because a continuous control 
could be not easy to achieve and it is linked with strong heat production and wearing of the 
braking parts.  
Therefore the shutdown method results easier to achieve and more reliable. 
Comparing the solutions usable with the shutdown method, could seem that the rheostatic 
brake would be the best solution. Unfortunately, this system is really difficult to use like a 
standard protection, because of the heating problems previously mentioned.  
A disc brake seems to work better than a drum brake and an electromagnetic brake, on a 
small wind turbine. 
Therefore, a disc brake working by shutting down the turbine seems to be the best solution. 
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6.8 BRAKE TYPE SELECTION: NORMALLY CLOSE TYPE 
The first idea was to use a normally close type brake: in standard conditions, the brake caliper 
is close and you need power to stop braking. In case of an interruption of the power supply, 
the brake would be automatically closed and the turbine stopped.  
The main problem of this solution is that the brake has to be taken always open under good 
wind conditions, so it would need always input power. Obviously, this is really inefficient 
because for most of the time we do not really need the brake. Moreover, using this method 
we would need also to check constantly the cut-in wind speed to open the brake. Considering 
that for the most of time the wind is low (especially during summer time) the brake would 
be activated and deactivated too often, with too high energy losses also at the lowest wind 
speeds.  
 
6.9 BRAKE TYPE SELECTION: NORMALLY OPEN TYPE 
Therefore, the braking system has to be chosen normally open, with the following need to 
make the actuation mechanism fail-safe. 
With this system, the actuator has just to close the brake when the cut-off speed is reached, 
with no energy losses at the lowest wind speeds or in standard conditions. The electric 
actuator can hold a steady position without input energy, so we have no energy losses even 
when the brake is close.  
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7. DETAIL DESIGN 
This phase is concerned with the design of the subsystems and components to make up the 
whole design. The chosen concept incorporates all these components. 
 
7.1 TURBINE’S EXPERIMENTAL POWER CURVE 
The power curve of the turbine, determined experimentally in the wind tunnel [15], is shown 
in Table 4 and Figure 21: 
Table 4 Experimental power curve 
 
 
Figure 21 Power curve 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
47 
As it can be observed, the output power increases with the wind speed, until the rated speed 
is reached. Letting the wind speed increase would mean burning up the generator, since the 
turbine has currently no over-speed protections. 
Technical specifications of the turbine: 
• Nominal Power Output – 12V, 600W  
• Start-Up Wind Speed - 3.5 m/s  
• Rated Wind Speed - 12.5m/s  
• Survival Wind Speed - 52m/s  
• Rotor Diameter - 1.8m  
• Rotor Speed (RPM) – 200 - 800  
• Number of Blades - 3  
• Generator Type - 3-Phase Permanent Magnet  
• Output type – Rectified DC  
• Weight - 18Kg  
7.2 MAXIMUM SPIN SPEED 
The manufacturer gives two maximum speeds: 
• 52 m/s: maximum wind speed that the construction can withstand 
• 12,5 m/s: wind speed to which the turbine is generating its rated 600W 
The generator is at its full capacity with a wind speed of 12,5 m/s. Over this capacity, it 
would be at risk of burning out. 
Therefore the cut-off wind speed has to be set at a value of 12,5 m/s (28 mph). 
 
7.3 MINIMUM SPIN SPEED 
It is important to specify that there is a minimum wind speed as well. The start-up wind 
speed value is around 2 m/s, but the battery charging begins at a wind speed of around 3,5 
m/s.  
Therefore the turbine cannot produce energy when the wind speed is under 3,5 m/s. 
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7.4 MECHANICAL TORQUE ESTIMATION 
The mechanical output power is given by the following relation: 
 =  ∙  
Where:  
P= power 
T= torque 
ω= angular velocity 
Using Watts, Newton meter and Revolutions per minute as measurement units, the 
expression becomes: 
 =  ∙  ∙ 2/60 
As shown in the power curve, under a steady wind speed of 12,5 m/s the turbine is spinning 
at 360 RPM.  
The power shown in Figure 21 is the electric power output. The efficiency of the generator 
has to be considered to obtain the mechanical power. The typical generator’s efficiency is 
90%. We will consider 85% as a global electric efficiency. Therefore, the mechanical power 
at the rated spin speed is around 710W. 
The mechanical torque needed to brake the turbine at this speed is: 
 =


∙
60

 
Therefore, the needed mechanical braking torque is around 19Nm. 
This is a very low value, comparable to the value of a bike’s torque. Therefore, just a quite 
cheap disc brake could be enough for our purpose. 
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7.5 REQUIRED BRAKING FORCE ESTIMATION 
The braking system is represented in the following picture: 
 
Figure 22 Whole braking system 
The piston in the master cylinder pushes fluid from the brake fluid reservoir into a pressure 
chamber. This causes an increase in the pressure of the entire hydraulic system, forcing the 
fluid through the hydraulic lines toward the caliper, where it acts upon the two caliper 
pistons. The brake caliper pistons then apply force to the brake pads, pushing them against 
the spinning rotor, and the friction between the pads and the rotor causes a braking torque to 
be generated, slowing the rotor speed. Subsequent release of the brake lever allows the spring 
in the master cylinder assembly to return the master piston back into position. This action 
first relieves the hydraulic pressure on the caliper, then applies suction to the brake piston in 
the caliper assembly, moving it back into its housing and allowing the brake pads to release 
the rotor. 
Therefore, the braking torque generated by the two caliper pistons is: 
 = 2 ∙  ∙  ∙  
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Where: 
= friction coefficient 
= brake force applied by each of the brake pad 
r= mean radius of pad 
Now, the pad pressure needed to generate the braking force is: 
 =


 
Where: AP = pad area 
Therefore, the torque become: 
 = 2 ∙  ∙  ∙  ∙  
Assuming: 
T = 20Nm 
 = 0,4 
Ap = 12 cm2 = 12 ∙ 10  
r = 113 mm 
The pad pressure results: P = 184,4 kPa  
With a braking force of F = 221 N 
We need to consider now the master cylinder and the brake lever, useful to decrease the 
required force.  
Assuming the diameter of the master cylinder as half the diameter of each of the slave 
cylinder, the master cylinder has a four times smaller cross-section. This means that the 
piston in the master cylinder can be pushed with a force 4 times lower than the force acting 
on the slave cylinder. Moreover, considering that the volume of the master cylinder is the 
same as the sum of the volumes of the two slave cylinders, the stroke of each of the slave 
cylinder pistons can be the 8 times lower than the stroke of the master cylinder piston: 
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∆ =  = 2ℎ 
Where capital letters are referred to the master cylinder, lower case letters to the slave 
cylinder. 
But: r = 2R, therefore: H = 8h 
The required force can be further decreased with the brake lever, connected between the 
master piston and the actuator, through a pivot point. A typical reduction factor of a lever is 
3.  
Therefore, the required force at the actuator is 12 times lower than the force acting to the 
pad, around 20N. This is the minimum force required to counteract the rated torque of the 
turbine. Therefore, the actuator must be able to produce a slightly higher force to counteract 
higher torques due to higher wind speeds. 
Obviously, friction has not been considered within the calculation, but it is easier and 
preferable to determine and correct it directly during the tests phase.  
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7.6 COMPONENTS DESIGN 
The brake disc has to be fitted to the rotor of the turbine. The problem is that it is impossible 
to pierce the rotor, because it contains the generator. Therefore, the idea is to use the already 
existing screws. Unfortunately, it is impossible to find a disc with the same screw holes 
disposition on the market. Therefore, we needed to adapt the disc at the rotor with a plate.  
 
7.6.1 BRAKE DISC 
The one in the following picture is the disc brake available for the project. As previously 
said, a smaller disc could have been more than enough and would have been absolutely better 
for the final marketing phase. This disc is likely to be oversized for this application, but it is 
good to study the general behaviour of the designed concept, that is the purpose of this 
project.  
The available calliper was a hydraulic caliper, so a lever and a small hydraulic cylinder were 
required. Using a smaller rotor disc would have also allowed to use a simpler mechanical 
caliper, without needing the hydraulic cylinder and therefore gaining more space inside the 
turbine’s nacelle. 
All components and quotes have been designed with the software SolidWorks. 
 
Figure 23 Disc brake rotor 
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7.6.2 TURBINE ROTOR 
 
Figure 24 Wind turbine rotor 
 
In the following pictures the quotes of the disc brake rotor can be compared with the 
quotes of the turbine’s rotor.  
 
Figure 25 Comparison between quotes of disc brake and turbine rotors 
 
As previously mentioned the screw holes do not match, so the disc rotor must be fitted to 
the turbine through appropriate plates. 
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7.6.3 PLATES 
The material used for the plates is aluminium, because it is a light and resistant material. The 
global weight has not to be increased too much, to avoid increasing too much stresses on the 
structure and the inertial momentum of the rotor (this could affect the aerodynamic 
efficiency of the turbine). 
Two thin plates have been realised. Linked together, they can fit well the disc to the rotor. 
 
Figure 26 Design of the whole system: (a) compact configuration, (b) opened configuration 
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7.6.3.1 FIRST PLATE: 
  
Figure 27 First plate design 
The external holes are needed to attach the first plate to the rotor. The internal holes are 
needed to attach the two plates together to the disc. 
 
7.6.3.2 SECOND PLATE: 
 
Figure 28 Second plate design 
The internal thin shoulder has been made to secure a perfect positioning of the disc. 
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Figure 29 Photo of the disc brake rotor fitted to the turbine 
 
7.6.4 CALIPER BRACKET 
There are many issues to be solved designing this component: 
• The caliper has to be perfectly positioned towards the disc, to avoid brake 
malfunctions and wear of the disc. 
• The turbine axis is not exactly perpendicular to the yawing must axis. Therefore a 
perfect positioning of the caliper is not so easy to achieve. 
• The bracket has to be really robust to counteract the braking torque without any 
movement of the caliper. 
The idea was to use a tube to make the bracket robust and a plate to link the tube to the 
caliper.  
The chosen material is aluminium, again. 
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Figure 30 Caliper bracket, first stage 
 
The following pictures represent the final product, painted to reduce corrosion and to 
improve the appearance of the system: 
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Figure 31(a), (b), (c), (d): Final product photos 
As can be seen in the pictures, the final system is very well integrated in the nacelle of the 
turbine and can be hardly seen when the turbine is placed outside on the pole. Using a smaller 
disc rotor would allow to completely integrate the system inside the nacelle. 
Moreover, also the robustness and the stability of the structure has not been affected at all. 
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8. ESTIMATION OF THE EFFECTIVE REVENUE 
This is an estimation of how much additional revenue would be gained as a result of fitting 
the brake mechanism to the wind turbine.  
A complete wind distribution (measured in Glasgow) has been chosen in order to justify 
calculations [14]. 
The following table and graphs represent the wind distribution. As it can be seen, it resulted 
as a Weibull distribution, as expected.  
Table 5 Wind distribution are related produced energy 
Wind 
speed 
(m/s) 
Hours/year % year 
Cumulative 
% year 
Power (W) 
Energy 
(kWh/year) 
3/4 1083,5 12,37 66,82 40 43,34 
4/5 1137,5 12,99 54,45 77 87,59 
5/6 833,5 9,51 41,47 139 115,86 
6/7 757,5 8,65 31,95 210 159,08 
7/8 600,5 6,86 23,30 278 166,94 
8/9 404 4,61 16,45 342 138,17 
9/10 303,5 3,46 11,84 390 118,37 
10/11 284,5 3,25 8,37 450 128,03 
11/12,5 283 3,23 5,13 560 158,48 
above 166 1,89 1,89 0 0,00 
        Total: 1115,84 
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Figure 32 Hours per year of a certain wind speed 
 
 
Figure 33 Cumulative hours graph of the different wind speed values 
 
From the cumulative graph, it is possible to observe that we have the strongest wind speeds 
for less than 10% of the year. In fact, the major part of the energy is produced between 6 and 
8 m/s.  
The annual energy production of the turbine (with our brake system) can be estimated to be 
around 1116kWh.  
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620 kWh are produced during autumn and winter, when the energy demand is higher and so 
the energy value is higher, 400kWh during spring and summer. A better wind distribution 
could increase this difference.  
Just for example, an average domestic electricity consumption is around 3000kWh/year, 
therefore the turbine could allow to save around a third of the total electricity amount. 
Considering the whole life of the turbine, this represent a big energy and money saving 
amount. Moreover, the produced energy represents a reserve of energy always available, 
stored in the batteries. 
8.1 NUMBER OF BRAKING HOURS 
As it can be seen in the previous table, the number of hours per year in which the turbine has 
to be braked is around 170 (1 week). 
The number of hours in which the wind is too low to let the turbine producing energy is 3072 
(4 months).  
The considered distribution has an average wind speed of around 4,5 m/s. The best 
distribution would have a higher average value but also a less dispersion of the other values 
around the average one. 
8.2 CAPACITY FACTOR 
The Capacity Factor of a turbine is the ratio of its output power over a period of time, to its 
potential output if it were possible for it to operate at full capacity *continuously over the 
same period of time. 
 = 100 ∙  
 ! "#!$%&'(ℎ)
*+! ,-! ∙
#°ℎ/
%!*
&'(ℎ)
= 100 ∙
1116
0.6 ∙ 365 ∙ 24
= 22% 
The capacity factor of our turbine, with the considered wind distribution, is around 22%, 
which can be expresses also as 1860 equivalent hours.  
This value is already quite good, considering that a typical UK capacity factor is around 
25%. This suggests that much better wind distributions are not so easy to be found in UK. 
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8.3 DISC BRAKE VS FURLING 
As reported in many scientific reports [6], the furling system is always linked to a hysteresis 
(a difference between the onset and return values) caused by dumps and inertial forces. 
This hysteresis is approximately constant for all tail mass values, around 1 m/s.  
It is preferable not to reach the full load with a furling system, because the furling behaviour 
is really dynamic and so blades folding is not instantaneous. This phenomenon is amplified 
by turbulent and unsteady winds. 
 
Figure 34 Furling hysteresis 
 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
64 
 
Therefore, the following values has been chosen for the furling behaviour: 
Cut-off speed: 11,5 m/s  (25,7 mph) 
Following restart: 10,5 m/s  (23,5 mph) 
Instead brake disc system has always 12,5 m/s (28 mph) as wind speed threshold. 
The result is that using a furling system means losing around 210 hours per year at the 
turbine’s full capacity, around 9 days. This value would increase even more with a better 
wind distribution.  
These 210 hours mean an annual energy production loss of around 120kWh, around 11% of 
the energy produced with our design. This represents a big loss considering the whole life 
of the turbine. 
The capacity factor using the furling system decreases to a value of 19%, which was 22% 
using the disc brake system. 
 
8.4 ADDITIONAL CONSIDERATIONS ABOUT THE ESTIMATED 
REVENUE 
• Gusts have been not included in the calculations. However, a disc brake can reduce 
energy losses due to gusts: as an active system, it allows to consider a moving average 
of the wind speed and so the negative effect of fast oscillations in the wind speed can be 
reduced a lot. This topic will be further investigated later in this project; anyway, it can 
clearly just increase the gap in the revenues of the two compared braking systems. 
• Also wind direction changes has not been considered. Too many direction changes can 
keep the turbine abruptly rotating around the mast axis. This can generate forces on the 
rotor that could affect the over-speed protection efficiency. Again, the designed system 
can face this problem much better than the furling system, because of its much higher 
stability. 
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• The energy input needed to brake the rotor and to check the output current has not been 
considered in these calculations. Anyway, it should be not too high. 
• We considered that every wind speed is instantly linked to a certain spin speed of the 
rotor. Actually, this is not completely true, due to the inertial forces acting on the turbine. 
Anyway, all these calculations has been done just to make estimations. Therefore, these 
approximations are acceptable for this purpose. 
 
8.5 RESULTS CONSIDERING A 1kW WIND TURBINE 
 
Considering a 1kW wind turbine (a size slightly higher of the previous), we can already see 
improvements.  
Following the same steps, the new annual energy production is around 1450kWh, around 
half of an average yearly domestic electricity consumption.  
The losses of the furling system is this time around 200kWh/year, around 13,5% of the 
energy produced using the disc brake. 
Therefore, the results are already very good using a 600W turbine, but this further analysis 
suggests us that increasing the size of the turbine (still remaining into the small wind sector 
obviously) could only lead to better results. Moreover, we need also to consider that using a 
larger turbine would make the disc brake also more cost-effective. 
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9. TESTS 
First, a static test has been realized. The purpose of this test is to verify if the brake can 
effectively counteract the spinning torque of the turbine. As previously said, the braking 
torque at the rated wind speed is around 20Nm. This torque has been generated hanging a 
mass at the top of a long bar, as in the following picture: 
 
Figure 35 Static test scheme 
 =  ∙ $ ∙ 5 
Considering that g=9,81m/s2, using a mass of 4kg and a bar long 50cm is possible to obtain 
the required torque. 
 
Figure 36 Static test 
The result of the test is that the brake strength is more than enough. The test has been 
repeated also with the double of the required torque and while the rotor is let to spin. In both 
cases, the brake could stop the rotor in just a few seconds. Therefore, as assumed previously, 
the used brake is oversized for this application; a cheaper and smaller bicycle disc brake 
would be enough.  
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The second static test has been done to verify whether if, once the turbine is taken to the 
standstill, the brake can hold the position even if higher winds occur. Again, the brake can 
do it without any problem.  
In fact, each of the two braking pads exercises a friction force of 
6 =  ∙  
Where  is the friction coefficient (a property of the contacting materials) and  the braking 
normal force.  
The friction coefficient assumes two different values depending on the fact that the surfaces 
are not moving (static friction) or moving (kinetic friction). The static friction coefficient is 
higher than the kinetic one. Therefore, the disk is held stopped until the driving force Fm 
(due to the turbine torque) equals the friction force:  
7 = 8 ∙  
If the driving force keeps increasing then the disc starts to spin. At this point, the static 
friction coefficient becomes kinetic and so the friction force decreases to a lower constant 
value of  
6 = 9 ∙  
Therefore, the fact that the friction coefficient rises when the disc is still makes sure that 
with the same braking force is possible to counteract a higher driving torque. With other 
words, using the same braking force used while the disc was slowed down it is possible to 
counteract a torque higher than the cut-off condition torque. 
Obviously, the situation is different under dynamic conditions. The first step was to verify 
the needed time required to brake the turbine until the standstill, once the rated wind speed 
(and so the rated spin speed) has been reached. This test has been realized firstly activating 
the brake manually, through a lever.  
The brake must produce a braking torque higher than the max expected torque produced by 
the rotor, with a stop time lower than 5s, from any operation condition. It must be able to 
keep the rotor in the full stop position for at least 1 hour after the brake is applied. 
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The electric actuator allows to keep the stop position as long as we need, without requiring 
input power. In fact, it uses internal friction forces to do it. Therefore, there are no problems 
about holding the stop position. 
The brake demonstrated to be able to stop the turbine within the 5 seconds required. This 
has been demonstrated experimentally, an analytic demonstration will be possible just once 
a test to determine the real moment of inertia will be actually realized. 
 
9.1 REALIZATION AND TEST OF THE WIND SPEED DATA 
ACQUISITION 
Finally, the wind speed data acquisition system has been realized. The cut-off condition 
can be checked in two ways: 
• Using an anemometer 
• Measuring the output current/voltage 
The first method allows to measure directly the effective wind speed in every moment. 
Unfortunately, there are some drawbacks:  
• Price: obviously, the anemometer purchasing cost increases the global cost of the 
turbine. 
• Positioning: a good positioning is not so easy to achieve because the turbine is always 
yawing around its must and the wind can be turbulent, because of the urban 
environment. Therefore, tests to define the relation between the measured wind speed 
and the effective wind speed on the turbine rotor are required. 
Therefore, the output current measurement is the best option in the optic of the marketing of 
the product: easier to achieve, cheaper and more accurate. This means continuously check 
the output current with a current sensor and then control the electric actuator with a 
microprocessor.  
The microprocessor is a simple microchip. Possibly it should be quite robust to function 
properly also with the presence of uncertain parameters and input disturbances. Simply it 
must check the output current of the turbine, through the current sensor, and activate the 
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brake actuator if the cut off output current value is reached. It is possible also to decide how 
much time must elapse between every check and how much time must be waited to 
deactivate the brake after it has been activated.  
This system is very cheap: just for example, it is possible to analyse a sensor and a controller 
we already had in the lab. The sensor is a LEM LTS 25-NP, the microprocessor is a PIC 
16C71. 
The analysed sensor is a closed loop sensor [17]. It provides electrical isolation, a fast 
response, high linearity and low temperature drift. The current output is impressively 
immune to electrical noise. The output current can be easily converted to a voltage figure by 
connecting a resistor to the output of the sensor and the ground. Its price is around 15£ and 
its current consumption is less than 15mA, which are very low values.  
 
Figure 37 Current sensor 
The microprocessor is an 8 bit analog to digital converter [18]. It is easy to program and the 
current consumption is almost negligible. Its price is also really low, around 5£. 
 
Figure 38 Microprocessor 
The considered linear actuator utilizes an endless screw to move the piston backwards and 
forwards. This ensures that the piston can hold the position also when it is not powered. 
There are many kinds of actuator existing, depending on the required force and stroke of the 
piston. The one required for this application is a very small one. The force needed is less 
than 50N and every mini actuator can generally reach this value easily. Its input voltage is 
12V, so it is also possible to use directly the turbine’s batteries to power it. The energy 
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consumption is negligible, considering also that we do not need input energy to hold any 
position of the piston, but just for the few times we need to move the piston. Its price is about 
70£. 
 
Figure 39 Mini electric linear actuator 
The global input power needed by the system has to be low. Otherwise, a great part of the 
previously produced energy would be wasted and the turbine would result useless. In 
addition to this, the input power should come only from the accumulation batteries. This is 
because small wind turbines are useful mainly as off-grid solutions and using the grid as 
input energy supply would mean go against this concept. 
The system responds very well to these requirements, as said the energy consumptions is 
really low and they can come completely from the accumulation batteries. 
 
9.2 ADAPTATION OF THE SYSTEM TO THE UNIVERSITY 
LABORATORY CONTEXT 
Anyway, talking about the studied context (the university lab), the other way has been 
followed. In fact, the laboratory is already provided of a weather station (including an 
anemometer) and a computer/server (equipped with emergency input power batteries) 
always kept switched on. These facts suggest to use the computer to acquire wind data from 
the anemometer and then control the electric actuator of the brake. The software used to do 
this is National Instrument Labview and the control of the actuator is achieved using a DAQ 
card [19]. 
Data acquisition (DAQ) is the process of measuring an electrical or physical phenomenon 
such as voltage, current, temperature, pressure, or sound with a computer. A DAQ system 
consists of sensors, DAQ measurement hardware, and a computer with programmable 
software. Compared to traditional measurement systems, PC-based DAQ systems exploit 
the processing power, productivity, display, and connectivity capabilities of industry-
standard computers providing a more powerful, flexible, and cost-effective measurement 
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solution. Its acquisition capacity is really huge and it allows to elaborate and visualize any 
analog signal from the computer.  
The principal component of a DAQ is an A/D-D/A converter. This allows using the card 
both to acquire data (for example the output current of the turbine) and to send output signal 
(in our case to command the actuator).  
 
Figure 40 DAQ card 
The weather station is characterized by an update period of 16 seconds. This means that it is 
possible to obtain a value of average and peak wind speed every 16 seconds. All data are 
stored in the memory of the computer. 16 seconds could be an acceptable lapse of time for 
our purposes. If after 16 seconds the average wind speed or the peak wind speed are too 
high, the brake is activated until the wind speed decreases again.  
Anyway, we tried also to reduce this time lapse, to prevent the risk of a damage due to too 
strong and fast gusts. To do this, it has been decided to check the turbine output data instead 
of the anemometer output. This allows to reduce the sampling time as much as we want. 
Once the turbine is braked, it is impossible to still check the turbine output, because 
obviously it would be zero. Then it is possible to switch to the acquisition of the anemometer 
data, to check if the wind speed is decreased again or not. Therefore, if the wind speed is 
decreased enough the brake is deactivated and the system starts to acquire the turbine output 
data again.  
 
Figure 41 Brake control system 
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The whole process can be summarized in the following flow chart: 
 
Figure 42 Data acquisition flow chart 
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It is important to specify how the exact brake activation and deactivation moments are 
chosen.  
Because we are measuring directly the turbine output, we need to activate the brake as soon 
as the turbine is at its maximum load. In case of a strong but fast gust, the output is not 
increased immediately because of the turbine’s inertia. Therefore, if the maximum load is 
reached, this means we really need to shut down the turbine because the wind is over the 
cut-off wind speed and it is not just a momentary gust.  
About the deactivation, the situation is different. In fact, the anemometer gives directly 
measures of the wind speed, every 16 seconds. We cannot base the deactivation of the brake 
just on one data taken after 16 seconds, because of the oscillating nature of the wind intensity. 
Therefore, we need to make an average calculation over a longer time lapse, considering a 
higher number of wind speed data. What has been implemented in Labview is a moving 
average: the cut-off wind speed is continuously compared with the moving average on the 
last 20 measures. Therefore, once the brake stops the turbine, it is stopped for at least 10 
minutes. Then, if the average speed is decreased enough the brake is deactivated, otherwise 
it is kept activated until the wind speed average of the last 10 minutes is low enough. 
 
Summarising: 
• Brake activation: as soon as the turbine reach the maximum load 
• Brake deactivation: after the moving average wind speed in the last 10 minutes is 
decreased enough 
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The followings are the used Labview front panel and block diagrams: 
 
 
Figure 43 Labview, virtual instrument front panel 
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Figure 44 Labview, virtual instrument block diagram 
These are the used to do simulations, important to verify the functioning of the designed 
Labview virtual instrument. As can be seen, a led is placed instead of the DAQ block, to 
show when the brake is activated, and two expression nodes are placed instead of the two 
acquisition data blocks (the first about the turbine output and the second about the 
anemometer data) in order to simulate defined wind speed and output power distributions. 
• Front panel explanation: 
The actual wind speed and output current can be checked on the indicators and the graph. A 
historical database can be stored on them. The led indicates when the brake is active. The 
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cut-off wind speed can be set moving the bar control. There are two stop buttons, one to 
brake and so stop the turbine, one to stop the acquisition process. 
• Block diagram explanation (proceeding from outside to inside): 
The most external for-loop is just to allow the system to work continuously until the stop 
button is clicked.  
The next is a while-loop. It is the loop relative to the turbine output data acquisition. The 
metronome allows setting the sampling frequency. At every iteration, the output value is 
compared with the cut-off value. If the cut-off value is reached, then the brake is activated 
(in this simulation virtual instrument, it is represented by the led). After the brake is 
activated, the anemometer data acquisition starts. 
Anemometer data acquisition is realized by the true/false-loop. False means that the cut-off 
condition has not been reached yet, so the brake is still deactivated. True means the opposite. 
Therefore, the anemometer’s data acquisition block has been placed in the true frame, while 
if the condition is false no data are acquired from the anemometer.  
Another while-loop has been placed inside the true-frame. It keeps comparing the moving 
average wind speed with the cut-off wind speed, until the former decreases to a value lower 
than the latter. After this condition is verified, the brake is deactivated and the process restart 
from the beginning, from the external loop.  
The complex structure needed to calculate the moving average can be explained in the 
following way. 
The blue arrows are shift registers: they take the last value acquired and store them into 
memory. The number of shift registers is the same as the number of values we want to 
consider in the average. Every time the data acquisition starts, the shift registers are 
reinitialized to a zero value. To get the average, the wind data must be summed and then the 
sum must be divided to the number of values. Anyway, this calculation must start just after 
all the shift registers are filled with values. Before this happens, the brake must be kept 
activated. This is the function of the blocks at the right of the loop. 
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During the simulation, just to verify the Labview program, the following wind distribution 
has been considered: 
Table 6 Example of a wind distribution used for simulations 
Time 
[s] 
Wind 
speed 
[m/s] 
Moving 
average 
0 7   
1 8   
2 9   
3 10   
4 11   
5 12   
6 13,5 13,5 
7 15,1 14,3 
8 16,4 15,0 
9 17,3 15,6 
10 17,8 16,0 
11 18,0 16,9 
12 17,8 17,5 
13 17,3 17,6 
14 16,4 17,5 
15 15,1 16,9 
16 13,5 16,0 
17 11,5 14,8 
18 9,2 13,1 
19 6,5 11,2 
20 3,4 8,8 
21 0,0 6,1 
 
Setting a cut-off wind speed of 12 m/s, the brake is activated effectively at 12 m/s but then 
it is deactivated just at a wind speed of 6,5 m/s, when the moving average wind speed (in 
this simulation of the last 5 measures) decreased under the cut-off wind speed. This is a 
precautionary way to prevent damages from possible oscillations on the wind speed value. 
0
2
4
6
8
10
12
14
16
18
20
0 5 10 15 20 25
Wind distribution
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9.2.1 REMOTE CONTROL OF THE TURBINE WITH LABVIEW 
Using Labview as system to control the brake allows to achieve also another very useful 
function: the remote control of the turbine.  
Labview remote control allows client computers (placed all around the world) to view and 
control the front panel of a virtual instrument running on a server computer, without the need 
to have Labview software installed on client computers. The platform through which the 
server communicates with various clients can be a LAN, WAN or, more commonly, the 
Internet network. 
 
Figure 45 Labview, remote control scheme 
The advantages are really relevant on the studied application. The following actions are 
possible from remote with any client machine: 
• Check the actual wind speed 
• Check the current power output of the turbine 
• Decide to brake the turbine, because of any reason 
• Modify the value of the cut-off wind speed/power output 
These advantages make the system really easy controllable and configurable. 
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10. MOMENT OF INERTIA VARIATION 
Adding weight to the rotor means increasing its inertial moment. Therefore, also the 
dynamical behaviour of the turbine could vary. An estimation of the added inertial moment 
is required.  
We need to consider the disk brake rotor and the two plates. All of them are considered as 
homogeneous discs. This is just an approximation because there are holes in the components, 
but it is enough for the purposes of this estimation. The brake caliper and all the other 
supports are fixed to the vertical mast, so are not part of this calculations. 
The inertial moment of a disc about its axis is given by the following relation: 
: =
1
2
;<=
 + 
?
 
Where R2 is the external radius and R1 the hole radius. 
Disk brake rotor: 
Weight: 1,5 kg 
I=66543 kg·mm2 
First plate:  
This plate has two different thicknesses and it must be considered separated in two parts. 
Remembering the hollow cylinder volume formula: 
 = <
 − =
?ℎ 
And the aluminium density: 2,7 g/cm3 
We have: 
Volume 1 = 78100 mm3 
Mass 1 = Volume·Density = 210,8 g 
I1 = 963,7 kg·mm2 
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Volume 2 = 54956 mm3 
Mass 2 = 148,4 g 
I2 = 1093,7 kg·mm2 
Second plate: 
Again the plate has two different thicknesses. 
Volume 1 = 37934,8 mm3 
Mass 1 = Volume·Density = 102,4 g 
I1 = 344,4 kg·mm2 
Volume 2 = 60868,4 mm3 
Mass 2 = 164,3 g 
I2 = 1012,8 kg·mm2 
Therefore, the total added moment of inertia is:  
I = 69957 kg· mm2 = 0,07 kg·m2 
 
A test to determine the exact moment of inertia of the turbine (without the over-speed 
protection system) has still to be done.  
Anyway, just as a first estimation, it is possible to assume the turbine rotor as a homogeneous 
disc. The weight of the disc is 12kg, with a diameter of 18cm.  
The moment of inertia of the homogeneous disc is: 
: =
7AB

= 0,195 kg · m2  
Therefore the final moment of inertia would be I=0.265 kg·m2 
The added moment of inertia would be around 35% of the initial value. This is a quite high 
percentage. Obviously, as said many times, this is a result of the oversizing of the brake disc. 
Choosing a smaller disc would mean significantly reduce this percentage.  
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The consequence of the increased moment of inertia is a partial modification of the response 
of the turbine to variations of the wind speed. The rotor tends to be more stable: 
• If the wind increases its speed, the torque exercised by the blades on the generator 
needs more time to bring the rotor at the final spin speed.  
• Vice versa, if the wind speed decreased its speed, the rotor tends to maintain its 
previous spin speed, keep producing more energy than without the added inertia. 
To complete the analysis, we need also to observe that the power curve has been determined 
without any over-speed protection system. A new experimental curve should be determined 
with the final weight of the turbine, considering also the protection system. 
Moreover, the shape of the blades has been designed considering the previous weight; a new 
analysis of the aerodynamic response of the blades should be realized considering the global 
weight. 
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11. FAIL-SAFE CONDITION 
“The protection system shall be designed to be fail-safe. It shall be able to protect the SWT 
from any single failure or fault in a power source, or in any non-safe-life component within 
the control and protection system. Testing and/or analysis shall verify the fail-safe behaviour 
of the system. A failure of the control, power, or protection system shall not allow the turbine 
to either exceed the rated rotational speed or go into an unsafe state of operation.”  
As discussed, a completely passive and fail-safe system is not applicable to a very small 
wind turbine. In addition, a complete passive system like furling is now being abandoned 
because revealed to be fail-prone due to instability.  
Therefore, using the chosen active system, the problems could be: 
• A lack in the power source: this means no power input for the actuator and the 
microprocessor. The protection from this problem can be easily achieved using an 
auxiliary small and cheap accumulation battery. As discussed, the input energy 
required is really low and therefore the battery can last a very long time. 
• A breaking cable breakage. This can be prevent using a double cable or anyway a 
second cable to be sure to have always a working cable. 
• A malfunction of the sensor or the microprocessor. A second output current sensor 
can be set to a higher output value. In case of a failure of the main components, the 
output would reach that higher value and the second sensor could send the signal to 
switch on the actuator. 
• A malfunction within the actuator. This is a very remote possibility because the 
actuator is used just a few times every year, we are still talking about an emergency 
system. Anyway, a simple redundant control system can be designed. An idea could 
be to design a mechanical system, using levers, springs or masses to brake the turbine 
in case of a failure in the actuator. This aspect will be studied soon as a further 
development of the project. In the specific case of the analysed University lab, it is 
possible to utilise the rheostatic brake, already given by the producer company with 
the turbine. If the main brake does not work, then an automatic switch should activate 
the rheostatic brake to slow down the turbine. As soon as the turbine has slowed 
down, another automatic switch should short circuit the generator, to completely stop 
the turbine.  
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12. ECONOMIC ANALYSIS 
The turbine is not legal without over-speed protection systems, because obviously it is not 
safety. Anyway, an economic analysis on the designed system has been compared with the 
no over-speed protection one. 
The total price of the turbine without any protection system is 1301.17£, that becomes 
1561.40£ including VAT (20%). Details can be seen in the following table: 
Table 7 Wind turbine detailed prices 
Description Price £ 
600w 12v turbine body, tail, 3 blade set 829.17 
Charge controller 220 
Turbine stop (stop switch, isolator, 12V resistor bank) 217 
Carriage / freight 35 
Total excl VAT £ 1.301,17 
VAT % 20% 
VAT total £ 260.23 
Grand total £ 1.561,40 
 
Therefore, with the new design, the price of the turbine body will be increased, but the 
turbine stop is not needed anymore, because the over-speed protection system can work itself 
as a turbine stop system. This means 217£ are saved from the initial price (260,4£ VAT incl), 
that must be compared with the extra price of the designed system. 
The prices of the new components can be estimated as the following (VAT excl): 
• Brake disc: 60£ 
• Brake caliper: 30£ 
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• Master cylinder: 20£ 
• Brake lever: 20£ 
• Brake fluid: 10£ 
• Linear actuator: 70£ 
• Current sensor: 15£ 
• Microprocessor: 5£ 
• Auxiliary materials (wires, aluminium for plates and supports, extra components to 
allow the rotation of the turbine and to make the system fail-safe, screws, etc.): 40£ 
The total price of the system’s components is 270£ (324£ considering 20% VAT). This 
means only around 60£ more, compared with the price of the turbine without any protection 
plus the stop switch. Also considering an additional price due to labour, assuming for 
example an overall price of 310£ (372£ VAT incl), we would have an additional price around 
110£ compared with the standard design. Considering that an over-speed protection system 
is requested by regulations, i.e. absolutely necessary, this is a really low additional price.  
We need to remind that the turbine stop control is required by the regulations, so using 
systems like furling, centrifugal and eddy current brake would mean having the related 
217£ in the total price.  
Comparing for example the disc brake with furling system, which was the most popular 
system in the past years, we need to consider the price of bearings, of the new components 
to build the tail pivot and the additional labour cost. Assuming an overall price of the 
components of 70£, plus the labour cost, we can estimate a total price of around 
100£ (120£ VAT incl), for a total added price (considering also the turbine stop switch) of 
317£ (360£ VAT incl).  
Therefore, the money saved using a furling system instead of a disc brake can be estimated 
being less than 20£.  
As established before, the annual energy revenue using a disc brake instead of a furling 
system is around 120kWh for a 600W turbine and around 200kWh for a 1kW turbine. 
Considering a price of energy of 0.11£/kWh and a VAT of 20%, the surplus in the price is 
already covered after the first year, but we have a more efficient and reliable system. 
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Considering the system’s maintenance costs, routine inspections are obviously 
recommended. Anyway, unscheduled maintenance should be really rare, since the system is 
robust and utilized rather infrequently. Therefore, the system has not to resist to so high 
stresses. 
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13. COMPARISON BETWEEN FINAL PRODUCT AND INITIAL PDS 
It is important to finally compare the final product characteristics with the initial PDS: 
• Performance: satisfied. The design lets the turbine producing the rated energy at the 
rated wind speed, reducing its speed just to a higher wind speed. The response time 
is very short, as demonstrated with tests. Parallel negative effects are not present. 
• Safety: satisfied. The system is always ready to prevent damages under too strong 
winds and is completely automatic. About the fail-safe behaviour, as said the system 
is sure about any failure of the power source and all the components, just a failure of 
the actuator has still to be covered with a mechanic system. In any case, the reliability 
of the designed system is higher than the other considered systems. 
• Maintenance: satisfied. The new design does not increase too much the probability 
of needed unscheduled maintenance. The deterioration of the new components is 
really limited. Broken components would be easy to repair: the system is composed 
just of standard components and it is easy to physically access to each of them. 
• Costs: satisfied. As demonstrated previously, the possibility of using the system also 
as a stop brake allows maintaining the price of the turbine really low, as the same 
value of the other simpler and worse considered systems. 
• Input power: satisfied. The required input energy is very low. The system allows 
keeping the off-grid configuration. 
• Noise: satisfied. There is no noise, apart from the few seconds needed to bring the 
turbine to the standstill. Also in those few seconds, the noise is very low.  
• Size, appearance: satisfied. The system is well-integrated into the turbine. Both 
functional and aesthetic performances are guaranteed. As said, using a smaller disc 
brake rotor could allow to completely integrate the system into the nacelle. 
• Product life span: satisfied. The design is robust enough to last for the entire life span 
of the turbine and can remain competitive on the market for the same period. 
• Testing: satisfied, but further tests are still required. Anyway, the tests already 
realized completely met the requirements. 
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14. CONCLUSIONS 
The purpose of realising a well-working, cost-effective and reliable over-speed protection 
system for an off-grid small wind turbine has been actually achieved.  
The system has been realised and adapted for the mechanical laboratory of the University, 
but viable and marketable more generic solutions have been widely analysed and discussed.  
Further analysis are obviously required for the optimisation of the system, but more time and 
a collaboration with other engineers (such as mechanical and electrical) is required and can 
be foreseen in future projects.  
After the optimisation phase will be completed, the whole system will be presented at 
Futurenergy Company and, hopefully, introduced on the market. 
Obviously, the proposed solution does not represent the only viable solution, but it is without 
any doubt the result of a rigorous analysis of the whole subject and of all the correlated 
problems. Similar complete researches on this subject are yet not easy to find in any kind of 
literature, therefore this research can be considered as a required important completion of 
this still not so thoroughly studied subject. 
In the lab, this system will allow to leave the turbine always outside producing energy, 
without any risk. Combined with a system of photovoltaic panels, it will effectively 
contribute to make the laboratory energy self-sufficient for all the duration of the year. 
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15. FUTURE FURTHER DEVELOPMENTS 
• Realization of the system without Labview (with the microprocessor). The system 
using Labview is definitely the best solution for the laboratory of the studied case, 
but it does not represent a marketable solution. In fact, it needs a computer always 
switched on, a Labview license and a DAQ card, obviously too many requirements 
to sell the product to a general costumer. Therefore, also the other way should be 
implemented.  
Using a PLC could also allow to control the turbine from remotely, via internet, as 
realized with Labview. 
 
• The turbine needs to yaw around its mast axis, following wind direction. The 
designed over-speed protection system needs a metal cable, to control the brake, 
passing inside the pole of the turbine. A simple system to avoid the interweaving of 
the cable has still to be realized.  
Anyway, a first sketch of its design has already been realized: just a junction made 
of two simple plates, properly shaped for the housing of a little bearing, to allow the 
free rotation of the cable. The exact shape of the plates and the exact size of the 
bearing has still to be defined, depending on the final decided collocation of the brake 
lever on the turbine’s nacelle. This is likely to be placed in the rear of the turbine, on 
the tail shaft, like in the following picture. That arrangement could allow to insert the 
cable inside the pole and this would be the easiest solution, because of symmetry 
reasons. In fact, putting the cable inside the pole could allow to use a small bearing 
and two small plates, otherwise a bigger bearing, ring shaped plates and a more 
complex cables structure could be needed. 
The system must allow the rotation of the turbine both while the brake is open and 
close and it must allow the brake to work also while the turbine is spinning. 
Alessio Renna – Design process: over-speed protection system for a small horizontal wind turbine 
89 
 
Figure 46 Possible placement of the brake lever 
• The movement of the linear actuator has been just assumed and defined during tests, 
no analytics calculation has still been realized. More accurate calculations can be 
realized to define the best dynamics of the linear actuator, optimizing its movement 
depending on the wind force or on the variation of the wind force.  
 
• The possibility of using just a small anemometer instead of the current sensor could 
be a valid way. The advantage is that it could allow checking the wind speed variation 
while the turbine is stopped and then having a better control of the moment when the 
brake is deactivated again, after a stop. In fact, the current sensor cannot check the 
turbine output while the turbine is stopped, because obviously it is zero.  
This needs further tests, in order to find the best collocation of the anemometer and 
the exact correlation between the measured wind speed value and the turbine’s 
output, for every wind direction. 
 
• As said previously, the mechanical system to make the actuator fail-safe has to be 
realised yet. 
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